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Word recognition thresholds and rapid serial visual presentation (RSVP) reading rates for both 
unrelated words and meaningful sentences were examined across the visual field. Both word 
recognition thresholds and RSVP reading rates for unrelated words can be equated across the 
visual field by an increase in size scale. RSVP reading rates for meaningful sentences cannot be 
equated across the visual field, with the fovea demonstrating a qualitative superiority over the 
periphery, irrespective of scale. The results suggest hat the early visual machinery which underlies 
word recognition is the same across the visual field apart from a change in scale, whilst the 
periphery is qualitatively inferior to the fovea at interpreting sentences with meaning. Copyright © 
1996 Elsevier Science Ltd. 
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INTRODUCTION 
Considerable evidence xists to support he view that low 
vision patients with central visual loss cannot read as fast 
as those with intact central fields, even after training 
(Cummings et al., 1985; Legge et al., 1985, 1992; 
Whittaker & Lovie-Kitchen, 1993). In addition, despite 
enlargement of letter size to compensate for eccentric 
viewing, peripheral reading speed in normal observers 
does not approach that achieved using the fovea (Turano 
& Rubin, 1988). It would therefore appear that the 
peripheral visual field is qualitatively inferior to the fovea 
for the task of reading, a suggestion which has also been 
made for the task of phase discrimination (Rentschler & 
Treutwein, 1985; Bennett & Banks, 1987; Stephenson et
al., 1991). Such observations are contrary to most other 
aspects of visual performance, which can be made 
equivalent at different eccentricities simply by a change 
of size (Koenderink et al., 1978; Rovamo & Virsu, 1979; 
Virsu et al., 1987; Whitaker et al., 1992). 
It is well established that resolution performance 
deteriorates more rapidly with eccentricity for test targets 
surrounded by flanking stimuli (Jacobs, 1979; Toet & 
Levi, 1992; Latham & Whitaker, 1996). This is due to a 
rapid increase in the size of spatial interference zones on 
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moving away from the fovea (Toet & Levi, 1992; Latham 
& Whitaker, 1996). Peripheral targets are relatively more 
"crowded" and less easily recognised than central targets 
when letter separation is kept constant and eccentricity is
varied. As a possible means of counteracting this effect, 
Toet and Levi (1992) have suggested that text viewed 
peripherally might benefit from further increase in letter 
spacing in addition to magnification. 
Reading is a complex task involving visual sensory 
input, accurate eye movements, and higher cognitive 
aspects of comprehension. Despite the obvious impor- 
tance of reading skills in extrafoveal regions for low 
vision patients, there is doubt as to the origin of their 
deficit in performance. The aforementioned task com- 
plexity has no doubt contributed to this situation. In this 
study we investigate whether there are any circumstances 
under which peripheral word recognition can be made 
equal to that at the fovea, and consider the possible 
advantage tobe gained by increasing letter separation at a 
faster rate than the increase in letter size (Toet & Levi, 
1992). Further, we ask whether the documented deficits 
in peripheral reading performance can be explained by 
psychophysical spects of word recognition, or whether 
they lie in other areas such as cognitive processing 
abilities or the accuracy of saccades. 
The study investigates performance for three tasks at 
various locations in the visual field. These tasks are size 
thresholds for word recognition, word recognition rates 
for random strings of unrelated words, and reading rates 
using meaningful sentences. 
GENERAL METHODS 
Stimuli were presented on the face of a Macintosh 
M1212 Colour Display with a 66.7 Hz refresh rate. Pixel 
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FIGURE 1. The stimulus configuration for Experiments 1 and 2 
consists of five letters. The central three letters make up a word, which 
the observer has to correctly identify; theouter two letters are random, 
and are present to standardise the spatial interference for ach of the 
letters in the target word. Each letter is drawn within a  imaginary box, 
whose vertical dimensions are 30% larger than the horizontal. The 
width of the letter (w) in min arc defines the letter size. Letter spacing 
is measured asthe edge-to-edge separation f adjacent letters (s), and is 
expressed in multiples of letter width. 
separation measured 0.365 mm in the horizontal and 
0.359 mm in the vertical. Stimulus presentation was 
controlled by software written and compiled in Microsoft 
QuickBasic and run on a Macintosh Centris 650 PC. 
Black letters of luminance 5 cd/m 2 were presented on a 
white background of 115 cd/m 2, giving a Michelson 
contrast of 92%, and the monitor was masked by a wide 
(60 cm square) equiluminant surround. 
In Experiments 1 and 2, each trial consisted of one of 
ten words presented in uppercase sans serif Helvetica 
font, produced by the system software of the Macintosh 
(version 7.1). The proportional spacing of the font was 
replaced with a fixed spacing so that each letter was 
separated from the next by a constant edge-to-edge 
separation. Each word presented consisted of five letters, 
the first and last being random letters used to standardise 
the crowding effect. These letters were to be ignored 
during word identification, and varied from trial to trial. 
The central three letters made up one of the following 
words: APE, AXE, PEN, PEA, PAN, PAD, BED, BAD, 
DAD, and VAN. These words were constructed from the 
limited number of letters which possessed the same 
boxed dimensions within the font. The vertical boxed 
dimension was always 30% larger than the horizontal, 
and letters were centred within the box. The stimulus 
arrangement is shown in Fig. 1. The task of the observer 
was to correctly identify the word, i.e. a 10 alternative 
forced choice procedure. The effects of spatial inter- 
ference, or "crowding", were standardised by the use of 
single words whose letters (including the outer ones) 
were all surrounded by other letters at the same 
separation. 
Stimulus size was defined as the width of the capital 
letters, depicted by w in Fig. 1, and was varied by a 
combination of changing letter size on the screen and 
varying viewing distance. All stimuli were simply 
magnified or minified versions of one another. Letter 
separation i  the first two experiments was defined by the 
edge-to-edge s paration of the characters, and is depicted 
by the distance s in Fig. 1. Separations were defined in 
terms of multiples of letter width, and these were 0.25, 
0.50, 0.75, 1.0, 1.5, 2 and 3 times the width. Eccentricities 
of 0, 2.5, 5 and 10 deg in the inferior visual field were 
examined, with eccentricity defined as the angle between 
fixation and the centre of the letter string. A fixation 
target was provided by a small dark spot placed on the 
screen or surround. The observers were sufficiently 
practised that few fixation shifts occurred during 
peripheral viewing. If a fixation loss was noted the 
individual observation was judged incorrect. 
Stimulus durations were confirmed using a photocell 
and oscilloscope. Stimulus presentation times could be 
achieved in multiples of 15 msec, with a minimum of 
15 msec. Between the presentation of each stimulus was 
an interstimulus interval of 15 msec. The maximum 
possible rate of word presentation was therefore very 
30 msec, representing a reading rate of 2000 words per 
minute. 
Four observers participated in the experiments: KL and 
DW, the two authors, FF and MR. All observers 
underwent raining in the task before data collection 
began. The observers, aged 25, 31, 29 and 21yr, 
respectively, were all moderately myopic (<4.50 DS) 
and wore their distance refractive correction for the 
experiments. Data collection was monocular using the 
dominant eye. Dominance was determined subjectively 
using a pointing test. 
EXPERIMENT 1 
The purpose of this experiment was to determine 
threshold letter sizes at different visual field locations for 
words having various letter separations, in order to 
determine whether any benefit exists in separating letters 
as well as magnifying them for peripheral viewing. For 
each separation, a viewing distance was chosen based on 
data from pilot experiments. Threshold letter size was 
then determined using a staircase technique. After each 
500 msec presentation, a correct word identification 
made the following word size smaller in every dimen- 
sion, whilst an incorrect response made the following 
word size larger. Step size was limited by the available 
font sizes, defined in points, each point measuring 1/72". 
Step sizes varied between 0.067 and 0.08 log units, with 
an average of 0.075 log units. Actual letter size on the 
screen varied between 4.5 and 18 mm. Threshold for each 
run was accepted as the mean letter size of the last six of 
eight reversals. Final threshold was taken as the mean of 
at least four staircase runs. 
Results 
Figure 2 depicts threshold letter sizes for word 
recognition as a function of eccentricity, for all the 
separations examined. A regression of the form: 
Te = To(1 + (E/E2)) (1) 
is used to describe the data, weighted according to the 
inverse variance of each point. Te represents the 
peripheral word recognition threshold, To is the foveal 
threshold, E is eccentricity and E2 describes the rate of 
change of letter size with eccentricity. The E2 value is 
defined as the eccentricity at which foveal stimulus size 
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FIGURE 2. Threshold letter width (min arc) for identification of a 
three letter word embedded in a five letter string is shown for various 
eccentricities, under several etter spacing conditions. Thresholds rise 
approximately inearly with eccentricity under all conditions. E2 values 
are derived from the best fit regression through the data points on log 
axes (Table 1). Subjects KL, DW and MR. IS], 0.25 letter widths edge- 
to-edge separation; O ,  one separation; A ,  three separations. Error bars 
show standard error of the mean. 
must double in order to remain detectable (Levi et al., 
1985). E2 values obtained for each letter separation are 
given in Table 1. As the letter separation increases, the 
words with greater inter-letter spacing require less 
magnification to be seen in the periphery, and the 
gradient of the functions hown in Fig. 2 flatten, raising 
the E2 value. 
TABLE 1. E 2 values and standard errors, in degrees, for word 
recognition thresholds under all experimental conditions 
E 2 (deg) 
Separation KL DW MR 
0.25 0.66 _+ 0.06 0.69 __+ 0.06 0.80 -I- 0.09 
0.50 0.69 __+ 0.07 0.66 _ 0.05 0.79 __+ 0.09 
0.75 0.68 + 0.07 0.72 _ 0.13 0.77 -t- 0.08 
1.00 0.83 +__ 0.07 0.82 __ 0.09 0.83 __ 0.09 
1.50 0.76 __-__t- 0.05 0.87 __+ 0.12 0.84 __+ 0.15 
2.00 0.76 __ 0.05 0.97 + 0.14 0.90 __ 0.09 
3.00 0.93 + 0.14 0.99 __+ 0.13 0.86 + 0.15 
From Fig. 2, it can be seen that  a specific eccentric 
location, threshold letter size is smaller for words of 
greater letter spacing. However, it cannot be concluded 
from this observation that with greater letter spacing, 
overall word lengths are shorter. A representation of
overall word length can be achieved by calculating the 
threshold size of the three letters plus two spaces 
comprising the three letter word. Figure 3 shows how 
threshold word lengths vary with separation at all 
eccentricities examined. As separation increases beyond 
one letter width, word lengths increase in size. Therefore, 
although with larger letter separations threshold letter 
size is smaller, the reduction in size is outweighed by the 
greater gap size, and threshold word lengths actually 
increase slightly at larger separations. 
EXPERIMENT 2 
The purpose of this experiment was to determine word 
recognition rates across the visual field as a function of 
stimulus ize in order to determine whether words can be 
recognized as fast in the periphery as at the fovea. In 
order to avoid the possibly contaminating effects of eye 
movements, words were presented using the rapid serial 
visual presentation method, or RSVP (Potter, 1984). 
Using this technique, words are presented in rapid 
succession at the same location, obviating the need for 
fixation saccades. Saccadic eye movements are thought 
to impose an upper limit on conventional reading speed 
(Rubin & Turano, 1992). 
Threshold exposure duration for letter separations of 
0.25× and 2x letter size were determined using a staircase 
technique at a number of target sizes, this time using 
word duration as the staircase variable. Five random 
words from the ten available were presented sequentially, 
each for a given duration, at the same location. The 
subject gave verbal responses as to which words had been 
presented. If all five words were identified correctly, and 
in the correct order, then the word exposure duration 
decreased by 0.1 log units for the next presentation. If 
errors were made, the duration increased by 0.1 log units. 
Threshold exposure duration was taken as the mean of the 
last six of eight reversals. A mean of at least four duration 
thresholds was taken to represent he final threshold. 
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FIGURE 3. Word lengths as a function of edge-to-edge separation 
expressed in multiples of target width. Note that with increasing 
separation above a separation of one letter width, word lengths at a 
specific location increase in size, despite threshold letter sizes being 
smaller (Fig. 2). Subjects KL, DW and MR. IS], Fovea; O, 2.5 deg 
inferior field; /k, 5 deg inferior field; n ,  10 deg inferior field. Error 
bars show standard error f the mean. 
Exposure duration was converted into a reading rate in 
words per minute by: 
Rate (wpm) -- (1000/exposure duration (msec)) × 60 
(2) 
Results 
Figures 4 and 5 show how rates of word recognition 
vary with letter size at separations of 0.25 and 2x letter 
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FIGURE 4. RSVP reading rate, in words per minute, for words of 
various letter sizes at several eccentricities. Letter spacing is constant 
at an edge-to-edge separation of 0.25x letter width. The amount by 
which peripheral curves are displaced to the right of the foveal data 
reflects the increase in letter size required to equate reading rate across 
the visual field. Data for each eccentricity is fitted with a regression of 
the form of Eq. (3) (see text). Subjects KL, DW and MR. D, Fovea; O, 
2.5 deg inferior field; /k, 5 deg inferior field; II, 10 deg inferior field. 
Error bars show standard e ror of the mean. 
width, respectively. At all eccentricities, recognition rates 
improve as letter size increases and reach a plateau at 
larger sizes, where little further improvement is achieved 
by further enlargement of the letters. The plateau occurs 
at approximately the same rate for all eccentricities, 
showing that peripheral recognition rates can be as good 
as at the fovea if large enough target sizes are used. 
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FIGURE 5. As for Fig. 4, but letter spacing is 2× letter width. 
The data at all eccentricities are fitted with curves of 
the form: 
Reading rate(wpm) = kl 
×(1 + ((k2 - k3)/(scaled size - k3))) -1 (3) 
The reasoning for using this equation is as follows. 
When the scaled size is very large, reading rate 
approximates to k]. Hence, kl estimates the maximum 
reading rate plateau. In addition, when scaled size is 
equal to k2, reading rate is half its maximum value. The k2 
value will be termed the "critical size" after Rubin and 
Legge (1989), who used the term "critical contrast" to 
describe the contrast level atwhich reading rate is half its 
TABLE 2. Ez values and standard errors, in degrees, for reading rates 
under all experimental conditions 
E 2 value (deg) 
Subject 0.25x separation 2x separation 
KL 0.48 _ 0.03 0.44 + 0.03 
DW 0.37 _ 0.02 0.68 _ 0.11 
MR 0.62 + 0.05 0.67 ___ 0.02 
maximum. Further, the value of k3 gives the size at which 
reading rate tends to zero. 
The peripheral data curves appear to be of the same 
shape as the foveal data curve, but are offset along the x- 
or size axis. The rate at which target sizes must increase 
with eccentricity to maintain the same reading rate can be 
estimated by the amount by which the peripheral data 
curves need to be shifted leftwards in order to fit the 
foveal curve. This is equivalent to dividing the letter sizes 
at peripheral locations by an eccentricity-dependent 
scaling factor, F. Values of F were derived firstly by 
making an estimate of such a scaling factor which was 
likely to superimpose one of the peripheral functions onto 
the foveal data if the letter size of each peripheral data 
point was divided by the scaling factor. The suitability of 
this estimate was then assessed by calculating the sum of 
squares of the residual deviations around a best fitting 
template to the data of the two eccentricities when 
superimposed. The template used was that of Eq. (3), 
discussed above. Another estimate of the scaling factor 
was then made and the procedure repeated. The process 
was continued until a scaling factor was found which 
produced the minimum sum of squares of the residual 
deviations. Note that at 0 degrees the value o fF  is 1 since 
the foveal data need no leftward shift to be superimposed 
upon itself. Since the data are scaled by shifting the data 
along a logarithmic size axis, the error associated with 
each scaling factor is a constant proportion of its value on 
a logarithmic scale (Westheimer, 1979). Therefore, 
having derived the scaling factors, a regression of the 
form: 
logF = log(1 + (E/E2)) (4) 
where E is eccentricity (deg), was applied to the data to 
derive E2 values. The E2 values represent the eccentricity 
at which foveal stimulus size must double in order to 
maintain the rate of word recognition, and are shown in 
Table 2. 
The E2 values obtained for the recognition rate data are 
somewhat smaller than those for word recognition 
(Experiment 1) which involved a constant 500 msec 
(120 wpm) presentation time, indicating that the recogni- 
tion rate stimuli require slightly more peripheral 
magnification than the word recognition task. 
Figures 6 and 7 show the data from Figs 4 and 5, but 
with letter size scaled according to eccentricity using the 
relationship 
scaled letter size = letter size/(1 + (E/E2) (5) 
Note how this removes the eccentricity dependence 
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FIGURE 6. The data of Fig. 4 after shifting each of the peripheral 
datasets leftwards along the size axis according to scaling factors 
defined by the equation 
scaled letter size = letter size/(l + (E/E2)). 
The effect of this is to remove eccentricity dependence from the 
data, collapsing it onto a single function. The resulting single function 
is fitted with a regression curve [Eq. (3)] whose form is described in the 
text. Symbols and subjects as for Fig. 4. 
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FlGURE 7. As for Fig. 6, but using the 2× separation data of Fig. 5. 
tendency for the critical size (k2) to be smaller for all 
observers in the wider letter spacing condition. Addi- 
tionally, one observer (KL) shows an increased max- 
imum reading rate (k l )  for the wider letter separation. 
from the data, highlighting that the difference between 
foveal and peripheral word recognition performance is a 
difference of scale (quantitative) rather than a qualitative 
difference. 
The scaled data are fitted with a regression of the form 
of Eq. (3) defined above, and parameters from the curve 
fitting procedure are shown in Table 3. There is a 
EXPERIMENT 3 
The results of Experiment 2 show that word recogni- 
tion rates can be equated across the visual field by 
appropriate magnification of the stimulus. The task 
employed in the previous experiments differs in several 
important respects from that of reading. The major 
differences are the lack of meaning in the random word 
strings, and the use of random letters at each end of the 
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TABLE 3. Parameters from curve fitting of Figs. 6 and 7, with standard errors, for all experimental conditions 
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Subject Edge separation kl (wpm) k 2 (min arc) k3 (min arc) R 
KL 0.25 388.25 + 18.26 3.27 + 0.17 1.98 4- 0.41 0.935 
DW 0.25 356.21 4- 20.38 3.44 4- 0.14 2.62 4- 0.18 0.948 
MR 0.25 336.38 4- 29.47 4.88 4- 0.52 2.67 4- 0.44 0.934 
KL 2 484.67 4- 26.14 2.45 4- 0.18 1.39 4- 0.24 0.920 
DW 2 392.22 4- 26.90 3.13 4- 0.34 1.41 4- 0.46 0.893 
MR 2 317.92 4- 14.46 3.09 4- 0.15 2.12 4- 0.21 0.931 
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FIGURE 8. RSVP reading rate, in words per minute, for words of 
various letter sizes at several eccentricities. Data for each eccentricity 
are fitted with a regression of the form of Eq. (3) (see text). Subjects 
KL and FF. Solid symbols, meaningful sentences; open symbols, 
random words. Squares, 0 deg; circles, 5 deg. Error bars show standard 
error of the mean. 
letter string to standardise crowding. Additionally, the 
task consisted of only a small number of words, and only 
uppercase l tters, which is not the case in normal reading 
tasks. The purpose of the next experiment was therefore 
to examine whether the results of the previous experi- 
ment also apply to a more realistic reading task. 
In this experiment, he stimulus words were again 
constructed in Helvetica font but this time both upper and 
lower case letters were used, as in a normal sentence. 
Letters were presented with variable pitch (proportional 
spacing) as i found in fonts in general use. The spatial 
interference was therefore not standardised as in Experi- 
ments 1 and 2. An RSVP method of presentation was 
again used in order to minimise the effect of eye 
movements on the results. Threshold reading rate in 
words per minute was found by the method of limits at 
0 deg and 5 deg eccentricity inthe inferior visual field for 
two types of stimuli. The first type of stimulus was a 
sentence of five to six words length. Each word in the 
sentence comprised four or five letters ince this allowed 
consistency of stimulus duration. A sentence was 
presented initially at a rate too fast to be read 
(2000wpm). After every incorrect answer another 
sentence was presented, with the reading rate in words 
per minute reduced by approx. 0.1 log units, until a 
sentence was read correctly. Step sizes were limited by 
the frame rate of 15 msec. Mean step size was 
0.102___0.014 log units, with a variation between 0.091 
and 0.125 log units. The first step size, however, from 
2000 to 1333 wpm, was 0.176 log units. The second type 
of stimulus consisted of a random selection of five words 
consisting of four or five letters from a bank of 400 words 
which were taken from the sentences used. The words 
changed randomly from presentation to presentation. All 
five words had to be reported correctly, and in the correct 
order, for a positive response. The purpose of this second 
stimulus was to be able to directly compare the effects of 
sentence meaning as opposed to random word strings. 
Results 
Figure 8 shows the results for observers KL and FF. 
Solid symbols represent data obtained with meaningful 
sentences, while open symbols how the results for the 
random words condition. Each set of data is fitted with a 
regression according to Eq. (3). Maximum reading rates 
(kt) are shown in Table 4. The data show that reading rate 
with meaningful sentences cannot be equated across the 
visual field by simple magnification. The maximum 
foveal reading rate with meaningful sentences i much 
higher than that achieved at 5 deg eccentricity, even 
when peripheral stimuli are magnified appropriately. 
For random word presentation, the results are similar to 
those obtained for Experiment 2, although maximum 
recognition rates are slightly faster. The data are 
markedly different from those obtained with meaningful 
sentences comprising the same words in that reading rate 
rises to approximately the same rate at 0 and 5 deg 
eccentricity, as was observed in Experiment 2. 
A two-factorial nalysis of variance in random blocks 
was performed on the logarithmic values of the plateau 
reading rates (kl) obtained from the curve fits in Fig. 8. 
Factors of sentence type (random or meaningful) and 
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TABLE 4. Maximum reading rates and standard errors derived from 
curve fitting of Fig. 8 
Subject Condit ion Eccentricity (deg) Max. rate (wpm) 
KL Sentences 0 1281 _+ 58 
KL Sentences 5 429 +__ 49 
FF Sentences 0 1400 + 357 
FF Sentences 5 412 + 171 
KL Random words 0 538 + 88 
KL Random words 5 347 _ 7 
FF Random words 0 412 _+ 111 
FF Random words 5 449 _+ 204 
eccentricity (0 or 5 deg) were compared. The main 
effects of sentence type (d.f. = 1; F = 36.9; P < 0.05) and 
eccentricity (d.f. = 1; F= 55.8; P< 0.01) were signifi- 
cant, as was the interaction between eccentricity and 
sentence type (d.f. = 1; F = 23.6; P < 0.05). 
DISCUSSION 
Word recognition i  the periphery can be made as good 
as that at the fovea, provided that the letters are large 
enough. The magnification needed for words presented at 
a specific location can be predicted from the E2 value, 
which defines the eccentricity at which targets must 
double in size in order to remain comparable with the 
fovea (Levi et al., 1985). For word recognition thresh- 
olds, E2 values decrease with decrease in letter separa- 
tion, and vary between 1 and 0.6 deg, for a 500 msec 
presentation time. The change in E2 with letter separation 
reflects the effects of spatial interference across the visual 
field. The extent of spatial interference increases far more 
rapidly with eccentricity than does resolution (Toet & 
Levi, 1992; Latham & Whitaker, 1996) which results in 
tasks with more proximal contours having thresholds 
raised more by spatial interference in the periphery, 
which in turn lowers E2 values. 
For each separation, word recognition rate using the 
RSVP method rises to approximately the same maximum 
rate at each eccentricity (Figs 4 and 5). Unrelated words 
can therefore be recognized as fast in the periphery as at 
the fovea, as long as the letters are large enough. The 
finding that recognition rate can be made equally good 
across the visual field is in agreement with Whittaker et 
al. (1989). Using words of twice the threshold recogni- 
tion size, Whittaker et al. (1989) found that the exposure 
duration needed for word recognition was almost the 
same at the fovea and at 10 deg in the superior field, 
although a slightly wider letter spacing was required at 
the eccentric location in order to achieve this. 
In contrast, our results show that reading rate using 
meaningful sentences rather than random word strings 
cannot be equated across the visual field by magnification 
(Fig. 8). There is a qualitative superiority of the fovea 
over the periphery in terms of the maximum reading rate 
achieved. This finding confirms the report of Rubin 
(1993) who used a similar RSVP methodology and 
examined reading performance atdifferent eccentricities 
using a wide range of letter sizes (i.e. no pre-chosen 
agnification factors were used). Asymptotic reading 
rate in the periphery did not match that at the fovea. A 
different result was found by Arditi et al. (1990) who 
found that RSVP values for meaningful sentences were 
approximately equal at 0 deg and 2 deg for both fixed and 
variable pitched text. However, our finding that reading 
rate for meaningful text cannot be made equivalent across 
the visual field also appears to agree with the conclusions 
of Turano and Rubin (1988) and Rubin and Turano 
(1994). For text which was magnified peripherally 
according to the cortical magnification equations of 
Rovamo and Virsu (1979), these studies found that 
peripheral reading speeds with RSVP presentation did 
not approach those achieved foveally. At the fovea, a 
stimulus ize of 24 min arc was used which resulted in a 
reading rate of 1270 wpm, while at 5 deg eccentricity a 
stimulus size of 60 min arc gave a reading rate of 
270 wpm. Both reading rate values are comparable with 
our findings (see Fig. 8). However, the M-scaling 
equations used have an equivalent E2 value of 3.4 deg. 
As the E2 values in the current study are much smaller, it 
is clear that their peripheral text was not large enough to 
adequately reflect the potential of the eccentric location. 
This emphasises the point that a single factor, such as the 
so-called "cortical magnification factor" or "M-scaling" 
procedure cannot equate performance across the visual 
field in all tasks. Instead, magnification factors are highly 
dependent upon the task itself, so that scaling factors or 
E2 values found for one task can rarely be applied 
successfully to other tasks (Whitaker et al., 1992). With a 
spatial scaling procedure such as we have used, the 
decline in reading rate with eccentricity is shown not to 
be as precipitous as M-scaling procedures suggest, but a 
qualitative difference still remains between the fovea and 
the periphery. 
It has been suggested that a reduced ability to perform 
pattern analysis in the periphery may underlie the 
reduction in RSVP reading rate with eccentricity (Turano 
& Rubin, 1988; Rubin & Turano, 1994). This is also 
suggested by previous work (Rentschler & Treutwein, 
1985; Bennett & Banks, 1987; Stephenson et al., 1991) 
which has found phase discrimination to be inferior in 
peripheral vision. However, our results show that word 
recognition can be equated across the visual field by 
appropriate magnification, as has been shown in previous 
studies of letter and word recognition (Whittaker et al., 
1989; Farrell & Desmarais, 1990; Higgins et al., 1996). 
Only when meaning is introduced to a sentence does the 
fovea gain a superiority over peripheral vision. 
Impressive foveal reading rates of up to 1800+ 
250 wpm have previously been reported using the RSVP 
method (Turano & Rubin, 1988; Rubin & Turano, 1992). 
We concur with these values for sentences having 
meaning, with the highest reading rate plateau for this 
condition found to be 1400-t-357 wpm. In comparison, 
the highest foveal plateau reading speed in the unrelated 
words condition is 538 + 88 wpm. Previous authors have 
noted that recall of scrambled RSVP sentences at the 
fovea is poorer than that of ordered sentences (Forster, 
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1970; Potter, 1984). No previous tudy has compared 
performance with scrambled and ordered sentences for 
eccentric viewing, where our results show that he 
superiority of reading rate for meaningful sentences over 
random words is reduced (KL) or absent (FF). 
The reading rates obtained in Experiment 3 are similar 
for random word strings at 0 and 5 deg and for 
meaningful sentences at 5 deg. Only the results for 
meaningful sentences read at the fovea are markedly 
different in that a higher maximum reading rate is 
achieved. During the experiment, the subjective impres- 
sion of the observers was that at the fovea only two to 
three key words from the five to six word meaningful 
sentence needed to be seen to "solve" the sentence 
correctly. Identification of a few words allowed a correct 
interpretation f the entire sentence without he observer 
being conscious of having seen every word in the 
sentence. This observation has been previously noted 
(Forster, 1970; Potter, 1984). Conversely, in the periph- 
ery the observers had to be aware of virtually every word 
in the sentence before it could be interpreted, a situation 
more analogous to the unrelated words condition, where 
knowledge of some of the words did not provide clues as 
to the identity of the other words. 
The only difference between the two types of stimuli 
used in Experiment 3 was in the semantic structure of the 
words to be recognised. It seems that with meaningful 
sentences an observer is able to make use of redundancy 
in the sentence structure, or can use contextual informa- 
tion gained from the words observed in order to 
reconstruct the remainder of the sentence and improve 
reading rate performance above that for unrelated words. 
This cognitive ability to correctly identify meaningful 
sentence structure f om a perceptually limited input 
appears to be selectively available at the fovea, but not 
eccentrically. It is known that processing of cognitive 
tasks such as reading take place in a number of localised 
cortical areas (Posner & Carr, 1992). Separate cortical 
areas have been identified which deal with development 
of visual word forms, semantic operations, and phono- 
logical coding (Posner et al., 1988; Petersen et al., 1990). 
Possible retinotopic distributions in these areas are not 
known, and it is not inconceivable that projections to 
these cortical regions are foveally dominated. 
As well as viewing the data as showing a distinct 
foveal specialisation for reading meaningful text, it can 
be considered that performance in the other conditions i
limited by additional, non-visual, f ctors. In the random 
words condition, the observers occasionally felt that they 
had observed all the words comprising the stimulus, but 
were unable to recall them all verbally in the correct 
order. Such an observation suggests that non-visual, or 
potentially cognitive, limitations related to the require- 
ment of reporting a series of words in the correct order 
may impose a "ceiling effect" on the random words 
condition. The maximum foveal rate for reading mean- 
ingful sentences was in the order of 1400 wpm, consistent 
with the finding that the visual information required for 
reading meaningful text at the fovea can be acquired in 
the first 50 msec of stimulus presentation (Rayner et al., 
1981). The results obtained in the present study for 
random word strings were considerably slower, threshold 
duration for a single word in a random string being in the 
order of 140 msec. Forster (1970) suggests hat the upper 
limit to RSVP performance is a function of the linguistic 
organisation that can be imposed on a presented 
sequence. Performance is poorest for scrambled strings 
where no such organisation is possible. The lack of 
organisation may impose a ceiling effect on reading rate 
in the random words condition. Once the ceiling effect is 
removed by the addition of structure to the sentence, the 
foveal superiority becomes apparent. 
Deficits have been reported for peripheral reading 
speeds of scrolled text and free reading tasks (Cummings 
et al., 1985; Legge et al., 1985; Whittaker & Lovie- 
Kitchen, 1993). Indeed, Whittaker and Lovie-Kitchen 
(1993) considered eccentricity of fixation per  se to be an 
impediment toreading, as unconstrained reading rate was 
found to decrease when subjects used the eccentric retina 
for fixation, even when field of view and visual acuity 
losses were accounted for. It has been suggested that 
saccadic eye movements are the limiting factor in 
conventional foveal reading speeds (Rubin & Turano, 
1992), and this appears to be a major factor in the deficits 
found in peripheral scrolled and free reading perfor- 
mance. It is known that foveating saccades are the fastest 
and most accurate type of saccades (Whittaker & 
Cummings, 1990), and so when reading peripherally, 
eye movements will be slower and less accurate than with 
central fixation. Previous work has implicated inadequate 
peripheral eye movement control in the poor standard of 
reading eccentrically (Turano & Rubin, 1988; Arditi et 
al., 1990). The RSVP method used in this study 
eliminates such oculomotor considerations, and still finds 
a peripheral deficit in reading performance. Such a deficit 
was also found for low vision observers with central field 
loss, using RSVP stimuli (Rubin & Turano, 1994). It was 
concluded that saccadic eye movements contribute to, but 
do not totally account for, the reduced reading rate of  
eccentrically viewing subjects. We suggest hat differ- 
ences in reading rate across the visual field, which remain 
after eye movement effects have been accounted for by 
use of an RSVP technique, are due to differences in 
cognitive interpretation f sentences rather than qualita- 
tive variations in early visual processing. 
Since poor peripheral eye movement control appears to 
contribute to reduced peripheral reading rates in freely 
read text, then one might expect more compressed text to 
result in improved reading rates at the fovea, since 
proportionately fewer fixational eye movements are 
required (Moriarty & Scheiner, 1984; Arditi et al., 
1990). For the more compressed text in Experiment 1, 
threshold letter sizes are larger than for more widely 
spaced text, but word lengths are shorter, resulting in the 
need for fewer eye movements. However, for a reading 
rate task such as RSVP, which requires no fixational eye 
movements, it appears that a slight advantage may be 
gained by using more widely spaced letters (Experiment 
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2). The critical letter size required to read at half the 
maximum rate (k2) is consistently smaller for the wider 
spaced condition, as is the size at which reading becomes 
impossible (k3). In addition, maximum reading rates (k l )  
tend to be faster under the wider spaced condition, 
although this difference is only pronounced for one 
subject (KL). In the RSVP task, the word length is an 
unimportant parameter, as eye movements are not 
required. 
In conclusion, our results how that with the effects of 
eye movements eliminated, the ability of the peripheral 
retina to identify isolated words or strings of unrelated 
words is not qualitatively different from that at the fovea, 
but differs simply by a change in size scale. However, the 
fovea is superior to the periphery in terms of reading 
meaningful sentences, which is reflected in higher 
maximum reading rates for foveally fixated rather than 
eccentrically viewed text. 
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